
702 TRANSFERS, [March Uth,

The Three Hundred and Sixty-First Ordinary General
Meeting of the Institution was held at the Institution
of Civil Engineers, Great George Street, Westminster,
on Thursday evening, March 14th, 1901, Professor JOHN
PERRY, F.R.S., President, in the Chair.

The minutes of the Ordinary General Meeting held on
the 7th of March were read and confirmed.

The names of new candidates for election into the Insti-
tution were announced, arid it was ordered that the list
should be suspended in the Library.

The following transfers were announced as having been
approved by the Council :—

From the class of Associate Members to that of -Mem-
bers—

Ernest Kilburn Scott.

From the class of Associates to that of Associate Mem-
bers—

C. D. Taite.
William Wyld.

From the class of Students to that of Associates—
Percy W. Freudemacher.

Mr. W. W. Cook and Mr. H. L. Leach were appointed
scrutineers of the ballot for the election of new members.

A Donation to the Library was announced as having been
received since the last meeting from Monsr. C. H. Julius,
and to the Building Fund from Messrs. R. H. Benham,
W. P. Digby, H. W. W. Dix, and M. Solomon, to whom the
thanks of the meeting were duly accorded.

SOME NOTES ON POLYPHASE SUBSTATION
MACHINERY.

By A. C. EBORALL, Member.

Polyphase systems of generation and transmission, com-
bined with direct-current distribution from substations, are
very much in evidence at the present time, in connection
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with many large lighting and traction, schemes, and there is
little doubt but that the use of such combined systems will
greatly extend in the future for those cases where power has
to be supplied in very large amounts over large areas. The
author thought, therefore, that a paper embodying some
notes on the subject might be of interest to many members
of the Institution ; and, complying with a request of the
President, the scope of the paper has been confined as far
as possible to practical questions of everyday working that
have come within his own experience. Consequently, many
of the points discussed must be quite familiar to those
members who have worked in the same direction, who must
kindly bear in mind in this connection that the author does
not profess to put forward anything new, but merely to
bring up for discussion some working notes on the subject.

In the following pages, then, the general ideas under-
lying the equipment and operation of polyphase substations
are first dealt with, and this is followed by some features
of working, and a comparison of the different types of
machinery that can be employed for the work under con-
sideration, together with some details and examples taken
from actual practice. It is always to be understood that the
author has in mind the case in which very large amounts of
power (transmitted at high pressures) have to be handled—
the modern case in fact. Moreover, on account of their
greater commercial importance, three-phase systems are
more particularly considered.

i. SUBSTATION EQUIPMENTS FOR LIGHTING OR
TRACTION.

Considering the general case, applicable to large towns,
the polyphase current will be sent over the transmission
lines from the distant power-station, usually arriving at the
various substations in the supply area at a pressure between
5,000 to 10,000 volts between lines, according to the length
of the feeders and amount of power to be transmitted ; the
work to be done comprises the conversion of the whole of
the current in question into direct current at 2 x 220 volts for
lighting, or 500 to 550 volts for traction, together with the
provision of means for regulating the current and feeding it
into the low-pressure networks comprised in the area. It
can be done by three different types of substation, each type
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embodying a distinct class of equipment, as set out more
particularly below ; the size of the units in the substations
will vary in general between 300 and 1,000 kilowatts
individual output.

(a) Asynchronous Motor-generator Equipment.
This type of substation equipment consists in the •

employment of a number of polyphase induction motors
driving an equivalent number of direct-current generators;
the motor-generator units will be of such a size that the
high-pressure current can be led directly into the motors,
and consequently the equipment and operation of the sub-
station will be of the simplest possible character. No
starting gear has to be provided beyond a simple rotor
resistance for each motor, there is no synchronising to be
done, and the regulation on the direct-current side is made
on the fields of the generators, either by hand or by com-
pound windings in the usual way.

The author does not know of a single case in which polyphase
motors of large size (either synchronous or asynchronous) are operated
with transformed current. The construction of such motors lends
itself so well to high insulation of the stator that motors as small as
150 H.P. can be perfectly satisfactorily (and cheaply) built for pressures
of 5,600-6,000 volts. With the, large units required for substation work,
it does not pay from either the technical or commercial point of view
to employ step-down transformers—at any rate up to 10,000 volts. If
the motors are less than about 500 H.P. individual output, and the
pressure greater than this figure, it may pay to employ transformers,
because the amount of slot insulation required will probably be found
to be excessive, necessitating the employment of motors of large
dimensions compared with their output.

The trouble with high-pressure working without transformers in the
substations is as a rule in the switch-gear for the motors, but great
improvements have been made in this during recent years, and at the
present time there is very little to fear in this respect.

With the high-pressure current led directly into the
motors, the best arrangement for the substation will usually
consist in employing starting switch-pillars for the motors,
these standing close against them, the direct-current board
being away against a wall. The rotor resistance and stator
starting switch would be interlocked, and thus, as each
switch-pillar is self-contained, the starting up of each set is
performed by one movement of a hand-wheel, this taking
the place of the engine stop-valve in a steam plant. The
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employment of a starting switch-pillar adjacent to the motor
possesses the great advantage of reducing the length of the
heavy rotor cables to a minimum (an important point),
while security of working is assisted by interlocking the
starting gear.

Of course, if the motors are provided with permanently
short-circuited rotors, an auto-transformer device in the
stator takes the place of the rotor resistance ; this feature of
construction and method of working is not advisable how-
ever, being, for work of the character in question, far
inferior to that referred to above. It should be borne in
mind, in this connection, that it is standard practice nowa-
days to build all induction motors of large size (having
wound-rotors and slip-rings), with an arrangement for
short circuiting the rings and lifting up the brushes after
once the motor has attained full speed, thus limiting wear
(and loss) on the rings to the period of starting up—30
seconds as a usual maximum figure-.

If direct current is available at the substation, being
derived from a motor generator already running, or from
another substation, it is perfectly possible to start up the
sets as they are wanted, from the direct-current side. Under
certain circumstances, this method of operation will give
good results, but in general it is not so convenient as that
first described, and consequently rarely used. In any case it
is necessary for one or more units in the substation to be
provided with rotor resistances or equivalent devices, so
that they may be started from the" alternating-current side
whenever this may be necessary.

For feeding three-wire systems, each motor would drive
two direct-current machines each of half its output, one at
each end of the shaft, the two machines being in series ;
or the motor would drive a single generator of the same
capacity, feeding the outers, auxiliary devices being used in
the usual way for balancing the load.

(6) Synchronous Motor-generator Equipment.
With this equipment, synchronous polyphase motors

operated at the line pressure take the place of the induction
motors referred to above; conforming with standard
practice, the synchronous motors would be of the revolving
field type, the exciting current being led into the field
system by means of slip-rings and brushes. A substation
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with such an equipment will also be of a very simple
character, but not quite so simple as the foregoing ; this is on
account of the necessity for synchronising the motors before
switching them in, because the starting arrangements are
more elaborate, and also because the synchronous motors
are not self-exciting. The excitation of the motors would
usually be effected from direct-coupled exciters, or from
separate (induction) motor-driven exciting sets fed by step-
down transformers, or from the bus-bars ; frequently the
latter method, in conjunction with either of the former
methods, will prove to be the most convenient. The
performance of synchronous motors depends so much
upon the field adjustment (see later remarks), that a well-
designed field regulator for each motor is a necessity.

The starting of the motor generator sets may be effected
in several ways. By far the best way from every point of
view is to start them from the direct-current side, the direct
current being derived from the bus-bars, if other machines
(or substations) are running, or from a small auxiliary direct-
current generator driven by a low-pressure induction motor,
if no direct current is available at the switchboard. Of
course, as soon as the first machine is running, all the others
can be started from it, but it must be remembered that it is
always necessary to provide means for starting up any motor
generator in the substation, from the alternating-current
side, either directly or indirectly. One of the best possible
adaptations of the above arrangement is to provide an
auxiliary (asynchronous) motor generator which can be
used for exciting and starting the main units when required ;
this auxiliary set would be shut down as soon as one or
more of the main units is in operation, direct current thus
being available at the bus-bars. If the low-pressure network
is arranged to be partly fed, or balanced, by accumulators,
the starting and exciting would naturally be effected initially
from these, and the whole arrangement becomes one of
great simplicity ; this is, however, not the general case.

The operation of switching in a synchronous motor
generator started in this way is of course very simple. The
set being brought up to approximately synchronous speed
and excited to the right value, the correct speed (as indi-
cated by the synchronising lamps) is attained by regulating
the fields of the direct-current machine now running as a
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shunt-motor with all main resistance out. At the right
moment, the main high-pressure switch is closed, and after
this the direct-current main resistance perhaps short-circuited.
Finally, the fields of both motor and generator are adjusted,
the latter in order to take up the load, and the former in
order to regulate.,the idle current of the synchronous motor.

Assuming that no direct current is available, the next
best method of starting up the motor generator sets, together
with their direct-coupled exciters, is by means of starting
motors. On a bracket at that side of the motor generator
remote from the exciter, an induction motor is placed, the
rotor being mounted directly upon the extended shaft; this,
motor would be fed from a step-down transformer and
would have a capacity of about ro per cent, of the full load
output of the main unit. The number of poles on the
starting motor would be fewer than the number of field
poles on the synchronous motor, being such that it can
bring up the set to a" speed somewhat higher than that
corresponding to synchronism, in spite of the load on it due
to the iron losses and excitation of the main unit, and the
friction and ventilation losses of the combination. • More-
over, the starting torque of this auxiliary motor must be
high, it being preferably attained by the employment of a
non-inductive rotor resistance; this latter is also of value
when synchronising, although not absolutely necessary.

To start up then, all that has to be done is, firstly, to
speed up the combination by switching in the starting motor,
and cutting out the rotor resistance until the combination is
at maximum speed : secondly, close the field circuit of the
synchronous motor, and regulate the exciting current to get
the correct pressure ; thirdly, reduce the speed by slowly
adjusting the rotor resistance, until the synchronising lamps
indicate exact synchronism ; then switch the synchronous
motor on the line, and afterwards cut out the starting motor
and adjust both field systems as before.

If the starting motor is constructed with a permanently
short-circuited rotor (conforming to American practice), the
rotor windings being of comparatively high resistance and
the stator fields very strong (in order to get the necessary
starting torque), then the third operation above will consist
in switching out the starting motor altogether, as soon as
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the correct value of field current has been attained. The
speed of the combination will of course immediately drop,
and the main switches must be closed as the speed passes
synchronism, as shown by the pulsations on the lamps.
Naturally, the operation of putting the motor on the line
cannot be so well done under these circumstances, and
hence, as stated above, if a starting motor has to be used at
all, it is better to use a rotor resistance in conjunction with
it. It may be mentioned, however, in this connection, that
if the generating sets in the power-station and the synchron-
ous motors in the substation are well designed, and
particularly if the latter machines are fitted with damping
coils, the synchronous motors will pull themselves into step
without doing any harm, if they are switched in at approxi-
mately synchronous speed, and consequently careful adjust-
ment may be omitted, in cases of necessity. But careful
adjustment is always advisable, particularly if the motor is
thrown in parallel with a number of machines already
running, or if the power-station is lightly loaded, for the
efforts made by the incoming machine to pull itself isto
exact synchronism may start the other motors hunting.

The third method of starting up a synchronous combina-
tion is referred to more particularly below, in connection
with rotary converters ; it consists in starting up from the
alternating-current side by opening the field circuit of the
synchronous motor," and then connecting the armature
directly or indirectly to the line. The necessary torque is
produced by the hysteresis drag, helped by eddy currents
circulating in the pole-pieces or damping-coils, and is con-
sequently small ; the method has nothing to recommend it,
although frequently used, and, moreover, a little considera-
tion will show that its employment implies a motor of low
efficiency at full load, as otherwise the above-mentioned
losses in conjunction with the armature currents would not
be great enough to get the necessary torque.

Apart from the question of power-factor, the running
performance of synchronous motor generators is very similar
to that of asynchronous machines, and, moreover, under
proper conditions of supply, they are equally reliable.

(c) Rotary Converter Equipment.
Substations equipped with rotary converters are of a

far more complicated character than either of the types
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previously discussed, due to the special character of the
machines and regulating devices. Although the rotary con-
verter possesses similar characteristics to those of the
synchronous motor, and also to those of the direct-current
machine, yet it possesses in addition a number of special
features having a large influence on its performance, the
result being that even when such machines are working
under the very best conditions, they cannot compare, with
regard to simplicity of operation, with either asynchronous
or synchronous motor generators.

The first point to be noted in connection with the equip-
ment of a rotary converter substation is that the rotaries
require to be operated at low pressure. The pressure
between any two slip-rings, whatever the nature of the
armature winding, is always a definite percentage of that on
the direct-current side with a given pole-width, being about
61 per cent, for three-phase and about 71 per cent, for two-
phase rotaries,1—consequently step-down transformers have
always to be inserted between the slip-rings of the con-
verters and the high-pressure feeders. For the large capacity
units under consideration, separate transformers are always
used for each phase of the transmission line ; but it may be
noted here that, for small three-phase or six-phase rotaries
(up to about 100 kilowatts capacity) it is always preferable
to use three-phase transformers for the purpose, for, owing to
their common magnetic circuit, possible pressure variation
between the phases of the three-phase transmission becomes
reduced in amount, as such transformers form excellent
balancers.

In two-phase work, there will be two transformers per
rotary; in three-phase or six-phase work of the character
under consideration, there will be three. The manner in
which these transformers are connected up in the two latter
cases is of importance, and therefore a brief reference may
be made to it here. Considering first the three-phase case,
it may be stated at once that as a rule, the best arrangement
of the three transformers will be to connect them up in a
"mesh," on both high- and low-pressure sides. This is
principally because in the event of one transformer develop-

1 These are the no-load values—when the machine is loaded, they are
naturally departed from to a small extent, on account of the armature drop.
Moreover, if the impressed pressure-wave is not sinusoidal, the values given
will be departed from.
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ing a fault and blowing its fuse, the supply need not be
interrupted for a moment, for the remaining two will con-
tinue to supply a three-phase current to all three phases of
the rotary; the reactions in the latter tend to keep the
arrangement symmetrical, and the phases equally balanced.
Under these circumstances the rotary can be kept fully
loaded over the period of emergency, if not too long—
naturally the increase of heating in the two transformers
doing all the work must be carefully watched. If the trans-
mers had been " star" connected, single-phase current
would be delivered under the.same circumstances, and the
rotary would have to be immediately cut out on account of

* the heavy sparking that would occur at the commutator ;
even supposing sparking to be absent, the machine would-
not be able to carry anything like its full load over the
period of emergency, and moreover the system would be
thrown greatly out of balance. Another advantage (of
secondary importance) with mesh-connected transformers
is that the secondaries are cheaper to wind, because the area
of the copper in the winding is 58 per cent, of the copper
area for the corresponding "star "-connected transformer.

One advantage of the star connection lies in the fact that
the space taken up by the primary winding of each trans-
former is. somewhat less in comparison, because the pressure
across each transformer is only 58 per cent, of the full line
pressure, and hence winding space is saved, on account of
the reduction in the insulation. This is, of course, an
advantage, especially when dealing with pressures of the
order of 10,000 volts, but, in the author's opinion, it is one
not to be compared with the safeguard against total break-
down afforded by the mesh connection.

Exactly the same arguments apply to the six-phase case,
in which the secondaries of the transformers are arranged
with either a double mesh or a double star connection, but
preferably the former, as indicated diagrammatically in Fig. 1.

It.will be seen that this connection makes use of two
distinct mesh connections, one superposed upon the other,
the two meshes being in electrical connection through the
armature windings of the converter. It is obtained from
three single-phase transformers, similar in all respects, each
being wound with two equal secondary windings.

The three secondary windings a. b, c, are mesh connected,
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and led to three slip-rings in connection with the armature
winding of the rotary at points 120 (electrical) degrees apart,
while the three secondaries d, e, and/, are also mesh con-
nected, but in the opposite direction ; the three conductors
from the points of this mesh are. taken to the remaining
three slip-rings on the shaft of the rotary, which are in con-
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FIG. 1.—Six-Phase Mesh Connection for Rotary Converters.

nection with points on the armature winding 120 (electrical)
degrees apart, and lying midway between the tappings to
the three slip-rings first mentioned. A little consideration
will show that, under these circumstances and because one
half of the secondary of each transformer is cross-connected
relatively to the other half (the two halves differing therefore
180 degrees in phase) the two meshes differ half a cycle
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(180 degrees) from one another, and consequently satisfy the
six-phase condition.

While the six-phase connection for rotary converters is
more complicated and somewhat more expensive than the
three-phase, yet it will undoubtedly pay to use it; as a
matter of fact, it is somewhat surprising that the merits of
this form of connection do not appear to be generally
recognised, for Steinmetz and Kapp long ago pointed out
that the output of any given rotary can be increased 40-50
per cent, by its use—that is to say, for the same mean heat-
ing of the armature coils, a six-phase rotary has an output
40-50 per cent, greater than the three-phase rotary, according
to the value of the power-factor of the alternating-current
side. As the output of any well-designed rotary converter
is determined solely by the permissible temperature rise
(there being no distortion of the field flux under usual
working conditions—power-factor approximately unity),
this increased output is a great practical advantage. Another
advantage of the six-phase connection with rotary con-
verters is that the heating of the armature is much more
uniform—as is well known, in two- and three-phase rotaries,
those portions of the armature winding on each side of the
tappings to the slip-rings heat up considerably more than the
remaining portions of the winding. With a six-phase wind-
ing, the maximum temperature rise on the winding will
rarely exceed the minimum by more than 20 per cent.

It is not probable that the twelve-phase connection will
take a place in practice, for the gain in still further increase
of output and uniformity of heating would be more than
counterbalanced by the increased cost and complication.

On account of the fact that all rotary converters have
to be fed from step-down transformers, the switch-gear
becomes more extensive, for although as a rule not
necessary, it is good practice to provide switches in the
secondary circuits of the transformers. There is, however,
one case where such switches are absolutely necessary, and
that is for two-phase rotaries arranged for starting from the
direct-current side; in this case, unless the transformer
secondaries are open, they become short-circuited (at the
moment of starting) upon the armature winding, causing a
great increase in starting current, and violent sparking at
the commutator, until the machine is well towards full
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speed. The heavy current switches in the secondary circuits
are best mounted upon, or close to the transformers, which
latter should be close up to the rotaries, in order to reduce
to a minimum the pressure drop, losses, and cost, of the
heavy conductors.

Before leaving the subject of the transformer connections

ROTARY COMVIRTE;

FIG. 2.—Connections for Rotary Converters in Parallel Feeding Three-wire
System.

for three-phase rotary converters, it may be mentioned that a
case sometimes arises in practice in which a special trans-
former arrangement is necessary. When two or more
rotaries are not arranged to be fed (for any special reason)
from separate groups-of transformers on the alternating-
current side, and they are connected to a three-wire network
on the direct-current side, then it is necessary to wind each
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unit forming the group of (two or three) transformers feeding
the rotaries with a multiple secondary winding, as described
above, the arrangement being as shown in Fig. 2, illustrating
the connections for two machines. That is tQ say, it is
impossible to operate a number of rotaries feeding a three-
wire network from common bus-bars on the alternating-
current side. The reason is readily apparent from the
figure—the slip-ring sides of the machines cannot be directly
paralleled, owing to the connection already existing on the
direct-current side—if they were directly joined a disastrous
short-circuit would naturally result. It may be noted in
passing that the arrangement of the fuses in the secondary
circuits of the transformers shown in this figure 1 (each con-
ductor coming from a slip-ring is fused twice) is a good one,
for if one transformer gives out, the service will not be
interrupted, for the reason already given above.

There is, however, a certain advantage in using star-
connected transformers for converters feeding three-wire
systems, for by the adoption of this form of connection
better balancing can be attained ; the secondary neutral
points of each group of transformers may be profitably con-
nected to the middle wire, which latter may or may not be
earthed. Under these circumstances each rotary would be
fed from a separate group of transformers.

The next question arising in connection with the equip-
ment of a rotary converter substation is that of pressure
regulation. It is clear that with motor generator sub-
stations (whether asynchronous or synchronous), this
question hardly comes in, for, as already indicated, the
regulation is performed wholly on direct-current machines
of standard design, either automatically or by hand, in the
simplest possible manner. The conditions are, however,
quite different with rotary converters, because the pressure
on either side is practically totally independent of the field
strength (although not of the field configuration), and con-
sequently, the direct-current pressure cannot be varied by
regulation on the fields alone.

There are two commercial ways of regulating rotary
converters, each depending upon the same principle, namely,
that of altering the pressure on the slip-rings in order to get

1 This arrangement of fuses for such a case originated with the General
Electric Company (U.S.A.).
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a corresponding alteration on the direct-current side ; as
already pointed out, the ratio of the two pressures is
practically a constant. The first method consists in varying
by hand the impressed pressure on the slip-rings, and can
be employed in two ways—either the impressed pressure
can be altered by altering the ratio of transformation of the
step-down transformers, or it can be altered by means of an
" induction regulator." In the first case, the step-down
transformers are so arranged in conjunction with a multiple
contact switch that either the number of secondary turns, or
the number of primary turns, can be altered by hand, thus
altering the ratio of transformation ; the transformers
supplying each rotary have their regulating switches inter-
locked, so that the turns are cut in or out simultaneously.
It is obvious that this method has several disadvantages, the
most serious being those of first cost, and difficulty of
operation. If the regulation is performed on the primaries,
the switches become somewhat, difficult and expensive to
construct properly, on account of the high pressure of the
circuits into which they are connected, while if the regulation
is performed on the secondary sides, the expense becomes
even greater, on account of the heavy currents to be handled,
while the difficulties that arise with the contact surfaces of
all regulating switches for heavy currents are well known.
But in addition there is the difficulty of arranging such
switches to regulate gradually, and to avoid short-circuiting
the sections of the transformer winding connected to the
contacts of the regulator, as these sections are being cut out
or in. Consequently the employment of an induction
regulator which does not suffer from any of the above-
mentioned defects, and which has but small losses as a
rule, will give the best results if hand regulation of the
rotaries is asked for or desired.

On account of difficulties connected with insulation,
induction regulators should be connected into the secondary
circuits of the step-down transformers. As usually con-
structed, such regulators consist of an iron core arranged in
connection with a shunt and series winding in each phase
in such a manner, that a movement of the core will decrease
or increase the mutual induction between the two windings.
Thus if the core is moved inwards, the pressure on the
converter slip-rings is reduced, on account of the inductive
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action of the shunt winding on the series winding, while as
the core is moved outwards, the effect of the shunt coils on
the series coils becomes less and less, until at the end of the
travel of the core, the pressure on the slip-rings is practically
the full pressure of the transformer secondaries. Such an
apparatus is easy and cheap to construct, and very effective
in operation, a range of six per cent., up or down, being
easily attained; moreover, it can be readily arranged to be
operated from a distance, and having no contacts or moving
conductors, is unlikely to get out of order.

A modification of the induction regulator, first devised,
the author believes, by Mr. M. B. Field, is shown in Fig. 3 ;
it possesses the advantage of being somewhat more effi-
cient than the induction regulator described above. The
secondary of each step-down transformer has an extension
in the form of some extra turns capable of carrying about
25 per cent, of the full secondary current; these extra turns
are connected to a small regulating switch, and to the wind-
ings of smaller section of a small auxiliary transformer
(with ratio say 1:4) as shown. The secondary of the
auxiliary transformer is in series with the low pressure
circuit, and adds or subtracts a small E.M.F. .to this
circuit as desired. It will be seen that both the voltage
and current can be very readily handled, without undue
expense, and, moreover, the supply is not interrupted should
the regulating switch get out of order.

The second method of varying the impressed pressure
on the slip rings of the rotary, in order to get the desired
direct current pressure, is of considerable technical interest.
Briefly, it consists in compounding the rotaries, and provid-
ing a certain amount of self-induction between the terminals
of the transformer secondaries and the slip-rings of the
machines, if not already existing, by inserting choking coils
in the various leads. The rotary converters, being syn-
chronous machines, operate at a power-factor determined
wholly by the field excitation ; for an alteration of the
latter with a given load on the machines, increases or de-
creases the power-factor of the alternating current circuits;
for each load on the rotary, there is, of course, a certain
excitation that will make the power-factor a maximum, in
accordance with the well-known " V " curve. Let now the
shunt winding on the fields of a rotary converter, arranged
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with compound winding, and, if necessary, with small
choking coils, be so adjusted that when operating at no load,
the machine takes a certain amount of lagging current, say
30-40 per cent, of the full-load current, partly due to the
under-excitation, partly due to the reactance in each
phase. As the load comes on, the field flux increases,
on account of the current in the series winding—
that is, the lagging current diminishes, and therefore
the impressed pressure increases, producing a correspond-
ing rise in the direct current pressure ; this strengthens
the fields still more (on account of the shunt winding), until
a balance between the two pressures is attained. At full load,
the field flux is at its working maximum ; the input current
will be by this tim£ leading, due to the over-excitation
having wiped out the lag produced by the reactance, and
the direct current pressure will be raised to the correct
value, on account of the increased pressure on the slip-
rings. By suitable proportions of the reactance and field
windings, excellent pressure regulation can be attained in
this way, in a perfectly automatic manner ; it is perfectly
easy to arrange for the direct current pressure to be over-
compounded 10-15 per cent., the actual regulation being
nearly as good as with an ordinary over-compounded direct
current machine,1 provided the pressure at the ends of the
feeders in the substations is maintained as nearly as possible
constant. The only objection to this method of regulation
is the influence it has upon the regulation at the feeding
points—that is, at the high pressure bus-bars in the sub-
stations, for with a number of the latter in parallel, the
variation of the power-factor naturally means that the
attainment of constant pressure at the ends of the feeders
becomes a difficult matter.

The extent to which over-compounding of rotaries can
be carried—by means of the above described method —
depends mostly upon the rating of the machine with regard
to the work it has to do. The limit is of course reached
when the current running into the rotary is made to lead (by
increasing the exciting current) the impressed pressure by

1 With a rotary converter of standard design, the change of field flux
necessary in order to get the desired amount of over-compounding is much
greater than is required with the equivalent direct current machine, for the
direct current pressure is not proportional to the neld^flux but proportional to
the impressed pressure on the slip-rings.
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900, for then the inductive E.M.F. of the choking coil (which
is 900 behind the current) is in phase with the impressed
pressure, and consequently boosts it by that amount; if the
current lags behind the impressed pressure by 900, the
inductive E.M.F. of the coil is half a cycle behind the
impressed pressure, and diminishes the latter to a value
given by subtracting the inductive E.M.F. of the choking
coil from the impressed pressure. Neither of these limits
are found in practice, for if the angle or lag or lead exceeds
certain well-defined values (depending upon the shape of
the. " V " curve—that is, upon the armature reaction of the
machine), the rotary will naturally not carry its rated load.
The more liberally rated is the converter, the greater is the
range of regulation attained; if the amount of over-com-
pounding required is large (say 15-25 per cent.), the
rotary must be chosen large for the work it has to do,
although not in this proportion.

Compound wound rotary converters are connected and
paralleled on the direct current sides in precisely the same
manner as similar direct current machines, equalising
bus-bars and switches being used, and therefore the < same
precautions have to be taken with them should accumulators
be used in parallel with the low-pressure feeders.

From what has been said above, it will readily be seen
that of the two good methods put forward for regulating the
pressure on the direct current sides of the machines, that
best adapted for the requirements of lighting work is given
by the employment of induction regulators, allowing the
pressure to be gradually varied by hand in accordance with
the slowly varying load ; for traction work, the employment
of compound windings (that is, regulation by lagging and
leading currents) is preferable on account of the large range
of regulation required, and the rapid variations of the load.
In some special cases, however, the combination of the two
methods will give very good results.

With regard to the starting of rotary converters, all the
remarks alreadymade regarding the starting of synchronous
motor generators are applicable, as the only difference in
this cespect between the two classes of machine is that
rotary converters are invariably arranged to be self-exciting
from their direct current sides. Wherever possible then,
such machines should be arranged to be started from the

VOL. xxx. 47
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direct current side, either from the bus-bars, or from an
auxiliary asynchronous motor generator. As in the other
case, this latter indirect method of starting is far preferable
to any other, if no direct current is available at the
switchboard.

The next best method to this is that given by induction
motors directly coupled to the shafts of the rotaries, while
the fourth and last method available (briefly noticed already
in connection with the starting of synchronous motors)
simply consists in switching the machine directly on the
high-pressure lines. As this method has been put forward
in connection with several important British schemes, and
is in use in more than one of them at the present time,
it may not be out of place to devote a few words in its
consideration, although in general the method is objection-
able.

Any modern synchronous polyphase motor can be
started up without difficulty from the high-pressure lines,
n-o matter how constructed ; that is, whether the field poles
be solid or laminated, whether provided with damping coils
or not, &c.—it is only a matter of sufficient starting-current
and good mechanical design. This method of starting, as
used in connection with rotary converter plants, is as
follows : The direct current main and field-switches are
opened, only a volt-meter being left across the direct current
side, and then the line-current is switched on the slip-
rings, either at full or reduced pressure, this latter being
arranged for by an alteration in the number of secondary
turns on the step-down transformers. Owing partly to the
eddy currents in the pole pieces, metal cheeks of field-
bobbins, damping coils (where these are used), but princi-
pally to the hysteresis lag in the pole pieces, the rotary
immediately starts, and is very soon up to synchronous
speed. The volt-meter (already referred to) on the direct
current side indicates nothing at the moment of starting
beyond very feeble oscillations of the pointer, for the
current traversing its coils is of course alternating ; but
as the rotary increases its speed the pointer begins to move
backwards and forwards over the scale, its movements
corresponding to the rapidly diminishing frequency of the
pressure at the direct current terminals ; when synchronous
speed has been reached the volt-meter pointer will again be
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steady, for the current through it is now a direct current.
The proper time for putting on the field-current is just
before synchronism is reached, and is indicated by the
volt-meter ; when the beats of the pointer are slowest,
that is, just below synchronous speed, when the pointer
is moving slowly from side to side over the scale, the
field-current can be put in. But it may be noted here
that it makes all the difference at which.side of the scale
the pointer is when the field-circuit is closed ; one side
is right and the other wrong, depending upon individual
circumstances. If the fields have been put on when the
pointer is at the wrong side of the scale, then the polarity
of the direct current side of the converter will be reversed ;
with most machines this means that the rotary must be
switched out and synchronised again in order to get
synchronism at the right pole. In order to make quite
sure that the machine has synchronised at the right pole,
it is good practice to provide a pole indicator on each"
direct current panel, so that after the excitation has been
put on, the polarity of the direct current side can be
checked before the rotary is connected to the direct current
bus-bars. Needless to say, a lamp can be substituted for
the volt-meter mentioned above across the direct current
terminals—it will be bright at the first moments of starting,
and also when the neighbourhood of synchronous speed
is reached, while between these limits the light will pulsate,
and the excitation should be put on when the light is
pulsating slowly, the lamp being either bright or dark,
according to circumstances.

It will be readily understood that .the above remarks
regarding the right time to put on the excitation in order
to get the right polarity are only applicable to the case
of self-exciting machines ; if the machines are bus excited,
which is very seldom, the converter will pull itself round
under protest to the correct polarity with a great rush of
current, no matter at which pole the machine has syn-
chronised. A point worthy of note is that even without
the exciting current the rotary will come up to absolute
synchronous speed, for there is no induction motor action
with the rotary converter or synchronous motor. A rotary
converter can operate without field excitation, by reason
of the heavy lagging currents that would run through its
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armature windings under these circumstances; these watt-
less currents magnetise the fields to the extent necessary
to produce the balancing back E.M.F. of the armature.
However, such a method of operation cannot be com-
mercial, for the machines would not carry their rated load ;
the heavy lagging currents would overload the mains and
destroy the pressure regulation of both sides of the system,
and the rotaries would spark and hunt. Up to the present,
the author has not made any tests on the operation of large
rotaries without field excitation, for there is generally little
Lime for such experiments when putting down plant,..and,
moreover, they may turn out to be somewhat costly ; it
is an interesting question, however, and it would be of
value to know from those who have actually made tests
on large units under commercial conditions whether the
objections given above are as real as they appear to be.
Perhaps with machines having high armature reaction
(small air-gaps, &c.) the full load could be carried without
the machine stopping, but its performance under these
circumstances could hardly be otherwise than poor, quite
apart from the bad effect produced on the system ; more-
over, rotaries with considerable armature reaction have a
greater tendency to hunt than those with very stiff fields.

When starting a converter in the manner above de-
scribed, it is necessary to take certain precautions until
synchronism is attained; the series field-windings must be
open as well as the shunt, and these latter windings must
be opened in five or six places. Otherwise they would
break down, due to the large E.M.F. (many thousand volts)
induced in them by the alternating flux of the armature.
Also, as the starting current will never be less than twice
the full-load current, even if damping-coils are used, and
will frequently be of the order of three or four times the
full-load current, it is necessary to make arrangements
for short-circuiting the amperemeters and fuses, otherwise
they would be damaged by the overload.

The great objections to the above described method
of starting are of course the large starting-current required,
and the risk of getting the wrong polarity ; the former will
wholly upset the pressure regulation of the system, partly
on account of its magnitude, but principally because of
its low power-factor, while the latter might cause an
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accident, and in any case would cause time to be lost
when adding a machine to the circuit. For lighting work
the employment of this method is absolutely out of the
question.

II.—SOME FEATURES OF WORKING.

With regard to asynchronous motor generator sub-
stations there is practically nothing to be said, on account
of the simple character of the equipment and its operation.
Two points must be kept in mind however—the sets must
be run as fully loaded as possible, and the motor air-gaps
must be watched. As the power-factor of the motors will
be less than 90 per cent, below three-quarter load, running
the machines well loaded becomes even of greater impor-
tance than with other classes of electrical machinery, in
order to avoid heavy, lagging currents in the feeders. As
a matter of fact, it is a good thing to overload such motor-
generators (in moderation) before adding a machine to the
bus-bars, for then a high power-factor over a wide range
of load is assured ; the risk is very small, on account of the
rapidity with which another set can be started up and put on
the circuit. The other point just mentioned—relative to the
air-gaps—is of some importance on account of the small
clearance in the motors. As with all induction motors,
the air-gap length is determined wholly by mechanical
considerations, being made as small as possible in order
to get high power-factors, it becomes necessary to check
it from time to time, in order to make sure that the gap
at the bottom has not decreased to a dangerous extent.
With large induction motors the gap (iron to iron) will
be originally about ^~0- of the rotor diameter—a 200 B.H.P.
motor would thus have a clearance of o*i inch with a rotor
diameter of 3f feet, so it will be seen that no considerable
diminution of this length can be allowed on account of the
magnetic pull, even assuming exceptionally stiff shafts.
The stator case of such motors should never be cast with
the bed-plate, for if it is separate a thickness or two of
metal foil can be inserted between the feet of the case
and the bed-plate seatings, by removing which the gap at
the bottom can be increased when the brasses, have worn
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to such an extent that something must be done, and yet
not enough to justify their replacement altogether.

With substations employing synchronous machinery,
such as synchronous motor generators or rotary converters,
several highly interesting and important features of working
present themselves. The first is the regulation of the power-
factor, and has already been mentioned in connection with
rotary converters—the power-factor at any load on the
machine can be regulated to the extent necessary in practice
by adjusting the field excitation. The curves shown in
Fig. 4 gives a good idea of the practical case—they are
curves taken for the purpose of this paper from the
650-H.P. Kolben three-phase motor forming part of the
motor generator illustrated in Plates I. and II., and whose
test curves are given in Fig. 6. The shape of .the no-load
" V " curve of a synchronous machine is an indication
of its performance—a very broad curve indicates, for
instance, a motor of but moderate overload capacity, and
one that will require" but small alterations in the excitation for
varying loads ; while a very steep curve indicates a machine
that must work always with its excitation properly adjusted,
otherwise its overload capacity will be small and its parallel
running properties inferior ; at the same time this latter
type of curve is a characteristic of machines with close
pressure regulation.

When the machine is loaded the "V " curve alters some-
what with regard to position and shape on account of the
increased armature leakage, as indicated in Fig. 5. The
amount of this alteration is an indication of the quality
of the armature design in this respect—the smaller the
alteration in shape, and the less the inclination of the axis
a b from the vertical, the smaller the pressure drop, and
the smaller the increase of excitation necessary for the
motor from no load to full load in order that it may
work under the best conditions.

Synchronous machines, whether motors or generators,
should be so designed that the shape of their " V " curves
lies between the two limits mentioned above, for then
excellent parallel running, high overload capacity, and
good pressure and "excitation regulation will all be attained ;
otherwise one or other of these necessary good qualities
will be attained at the expense of the remainder. Running



PLATE I.—450-Kilowatt Three-Phase Motor Generator, 240 Revolutions per Minute ; 48 Cycles ; 3,000-600 Volts.
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as generator, then, the full-load drop of the machine at
constant speed and excitation should be in the neighbour-
hood of 5-6 per cent, with roo per cent, power-factor, and
18-20 per cent, with 80 per cent, power-factor. Better
regulation than this is not asked for in modern practice
with units of medium and large output; nor is it desir-
able, especially when substations employing synchronous
machinery are fed from them; with better regulation
abnormal synchronising currents may pass between the
main units, inviting hunting on the part of the rotary
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converters or synchronous motors. Of course the genera-
tors would become at the same time much too heavy and
expensive.

Returning to the actual no load " V " curve shown in
Fig. 4, it will be seen that when running practically without
load, at the constant impressed pressure of 2,950 volts
per phase, attained by regulating the bus-bar pressure in
the power station, the excitation for the minimum armature
current of 9/5 amperes is 46 amperes ; a reference to the
no-load characteristic of the machine (Fig. 5) shows that
with this minimum value of armature current an induced
pressure of 2,250 volts per phase is attained. With mini-
mum armature current at a given load, the difference
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between the impressed pressure and the back pressure,
that is, the difference between 2,950 and 2,250 volts in
this case, is a measure among other things of the quality
of the motor from the point of view of pressure regulation ;
the difference between the two pressures under these
circumstances is due to the impedance of the. armature
and to the pressure and current beats which occur with
all synchronous machinery—with a constant load and
excitation on a synchronous motor or rotary converter,
the back E.M.F. is continually changing its phase relative
to the impressed pressure, a result directly due to variations
in the angular velocity of the generators, assisted by the
momentum of the machine itself. At constant impressed
pressure a decrease or increase of excitation, corresponding
to a decrease or increase in the back E.M.F., causes a fairly
rapid increase of the armature current (and apparent watts)
taken by the motor. At a given load, for any value of the
motor excitation, a definite value of back E.M.F. takes such
a (mean) position in the vector diagram that the resultant of
it and the impressed pressure has a value equal to the
impedance pressure of the armature. If the excitation be
increased above the value corresponding to maximum
power-factor, the impressed pressure at the terminals of
the motors must of necessity lag behind the current in
order that the above-mentioned relations are maintained ;
for the impedance pressure has a constant phase angle'
relative to the current in a given machine. On the other
hand, if the excitation is less than the critical value, then
the impressed pressure must lead the current for the same
reason.

From the "V"" curve, and knowing the various losses
and constants of the machines, it is possible to make an
approximate calculation of the amount of lead or lag that
can be given to the current. For this 650-H.P. motor
running light, the maximum lead works out to be about
75 degrees, while the maximum lag is about 70 degrees. In
general, it is not possible to obtain more of the " V " curve
than shown in Fig. 4, for, if pushed much farther, the
running of the motor becomes unstable, hunting is set up,
and the machine drops out of step.

The two legs of an experimentally obtained no-load "V"
curve always differ—one is. invariably straight, the other
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convex (cp. Fig. 4). In this respect, the curves thus
obtained from well-designed commercial machines differ
somewhat from the theoretical curves, in which, as
Steinmetz has proved,l one leg is convex, the other
concave. This difference between theory and practice in
this respect is due to armature reaction and to the influence
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FIG. 6.—Results of Tests on 450 KW. Synchronous Motor-Generator Prague Tramways.
Speed 240 Revs, per min. Frequency, 48 Cycles. Volts, 3,000/600-650 per Phase.

of the highly saturated armature teeth when the current is '
greatly leading or lagging.

The dotted curve to the right of the " V " curve (Fig. 4)
illustrates clearly what happens in a transmission plant
when the impressed pressure on the synchronous machinery
is not maintained constant, but is left to take care of itself;

1 See Alternating Current Phenomena,. by C. P. Steinmetz (Whitaker
& Co., London and W. J. Johnston, New York).
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the pressure at the ends of the feeders rises steadily with
increased excitation of the synchronous machines. In this
case the 1,000 kilowatt generator supplying current to the
motor (through a long three-core cable) had its excitation
adjusted once for all at the beginning of the second test, to
such a value that the impressed E.M.F. on the motor was
the same as before, namely 2,950 volts, when the armature
current had its minimum value. The excitation of the
synchronous motor was then increased, the dotted curve
showing the increase of (leading) armature current; the
effect of this was to raise the impressed pressure on the
motor, that is, the pressure at the ends of the long feeder,
from 2,950 volts to 3,100 volts. That is to say, the drop in
the feeder (which possessed a considerable inductive drop,
owing to the presence of a choking coil in series at the
station end) was first wiped out, and then the pressure at the
substation end was gradually increased to the extent of
over 5 per cent., simply by increasing the excitation of the
motor. The frequency of course was constant throughout
the tests, and consequently the motor speed also.

A little consideration of the above described character-
istic of synchronous motors will show at once how valuable
machines of this class become in connection with any
transmission plant, on account of their condenser action ; it
will also show the great superiority of synchronous motor
generators and rotory converters over an asynchronous
machine for substation purposes, from the point of view
of the regulation of the system, and the line losses, &c.
Instead of having a lagging idle current throughout the
system, wasting energy and impairing the regulation at all
points, the power factor of the system can be»kept practically
at or above unity throughout, the effect of pressure drop in
the feeders can be nearly annulled, if desired, and there will
be no other losses except those corresponding to the load,
unless it is desired to work with a considerable leading
current in order to raise the pressure at the substation ends
of the feeders, as described.

It is not possible to get a power-factor of exactly unity in
the circuit, by adjusting the excitation of a motor running
light, so as to obtain minimum armature current. That is to
say, the bottom of the " V" curve does not mean that the
current running into the "armature of the motor is in phase
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with the impressed pressure ; it is very nearly in phase, but
not quite, owing mostly to the difference in the E.M.F.
waves of line pressure and motor pressure. Large
synchronous motors, when well loaded, and if of good
design, generally have full load power-factors of 96 to 98
per cent, when working at the excitation corresponding to
minimum armature current.

In practice the utilisation of the phase rectifying
properties of synchronous (motor) machinery works out as
follows. With rotary converter substations, if the machines
are compounded, the power-factor of the system will be
nearly unity at about half load, the current lagging some-
what before this, and leading afterwards, in accordance with
what has already been said in this connection on page 718 ;
at full load the drop in the feeders supplying the substation
will be considerably reduced. If the rotaries are shunt
wound, or if synchronous motors are employed, the field
current is so adjusted that the power-factor is highest at
about three-quarter load—at both lighter and heavier loads,
the current is somewhat out of phase, the minimum power-
factor being say 0*95. Or, if heavy overloads are expected, the
machines had best be somewhat over excited at full load in
order to increase the impressed pressure, especially if
synchronous motors, for the overload capacity is thereby
increased, the torque being proportional to the square of
the impressed pressure. Thus with a synchronous motor
generator substation, if the motors are well designed, it is
not necessary to alter the excitation continually with the
load; but two adjustments between no load and full load
will be generally advisable, in accordance with what has
been said above. The small amount of field regulation
required in practice with well-designed synchronous motors
is well illustrated by Fig. 5.

If a substation equipped with synchronous machinery
has to work in parallel with large inductive loads, such as
large induction motors, or another station arranged with
asynchronous motor generators, it is as well to arrange for
the lagging current to be balanced by the synchronous
machines. That is to say, the synchronous motors or-
rotary converters will be liberally designed, in order that
they may carry the balancing leading currents (and increased
excitation) in addition to the load.
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A word or two may be said here regarding the overload
capacity of the three classes of substation equipment.
With motor generator substations, what may be termed the
permanent overload capacity depends only on the direct-
current machines, that is to say, it will be in general about
20 per cent, for two hours, the position of the brushes on
the direct-current machines remaining unaltered. With
rotary converters the corresponding overload capacity is of
course greater, and in practice is determined as a rule by
the commutator heating. The commutators of rotary
converters invariably have peripheral speeds bordering upon
the upper limit of good practice—say 3,000 feet per minute
—consequently an overload of about 30-40 per cent, for two
hours is about as much as can be furnished without over-
heating the commutators. If it were not for this, and
provided the field system was well over-excited, the overload
capacity could be safely taken to be 50-60 per cent, for the
time stated ; it would be determined by the permissible safe
temperature rise of the armature coils and step-down
transformers. It is hereby assumed that these latter are
artificially cooled by means of cooling pipes in the oil, or
by forced draught, the normal temperature rise being 350 C,
conforming in these respects to good modern practice.

What has been called the "permanent overload capacity"
above is however really of minor importance in practice, for
the plant would not be subjected to such treatment except
when being taken over, or when a breakdown occurs. The im-
portant point, particularly with substations feeding tramway
or railway systems, is the momentary overload capacity, that
is t - say, the effect of short circuits of brief duration has to
be considered.

Regarding this point, it may be at once stated that the
three classes of equipment are perfectly satisfactory, and
moreover, from this point of view, there is but little to
choose between them. Well-designed asynchronous and
synchronous motors and rotary converters fed from a well-
designed power-station will all stand overloads of 100 per
cent, for a few seconds without falling out of step, the two
classes of synchronous machines behaving in a very similar
manner to the asynchronous machines. This is about the
safe limit of overload capacity for standard machinery—the
short circuit, or whatever it may be, causing the momentary
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overload is naturally unexpected, and consequently the plant
as a rule cannot be stiffened up by field regulation, to stand
more, or to stand this amount for a longer period, with safety.
It does not follow that the machines will drop out of step,
although asynchronous motor generators designed for high
efficiency would probably pull up ; the synchronous motors
or rotaries would generally become unstable in their
running, and start hunting.

With regard to the falling out of step of synchronous
machinery, it may be observed here that once this happens
the inherent tendency of a machine to pull itself in again is
determined by the torque it can exert in a very short time,
namely, half a cycle; consequently, if there is any load on
the machine, it must necessarily pull up.

Should a momentary short circuit pull out the circuit
breakers in the power-station, or otherwise break the circuit
on the alternating current side-of the converting machinery,
it is always necessary to give the substations time to shut
themselves down, rather than immediately replace the
circuit breakers, while the converting machines are still
turning. Under these latter circumstances even in-
duction motors will not run up to speed, while the
synchronous machinery forms simply a pulsating short
circuit across the mains, a synchronous motor or rotary
acting alternately as motor and generator relative to the
transmission lines, and gradually pulling up. Before this
happens, the circuit breakers will be out again ; apart from
this it would in general be impossible to keep in the circuit
breakers on the direct current sides of the converters.

One of the most important questions to be considered
in connection with the design and operation of a syn-
chronous substation equipment is that of parallel running.
The converting machines have not only to run perfectly in
parallel with one another, but the various substations have
to run perfectly in parallel with one another, and with the
power-station also. In most modern installations this
requirement has been easily attained, but in others great
difficulties have arisen, and have had to be got over at
great cost before satisfactory working over the whole system
was attained. It is, therefore, of interest to discuss as briefly
as possible the leading features of the question.

With a rotary converter substation, for instance, unless
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every detail of the system is thoroughly well designed, from
the engines in the power-station to the rotaries themselves,
there will be trouble with regard to the parallel running of
the machines—that is to say, they will hunt. The term
hunting, as applied to synchronous machinery of this
character, means that while running at synchronous speed
(as measured by a tachometer), the machines oscillate
between themselves—that is, during a revolution they in-
crease and decrease their angular velocity-above the mean
velocity, corresponding to exact synchronism, causing the
armatures to swing backwards and forwards from a fixed
point, (in a precisely similar manner to the swing of a pendu-
lum), while still keeping in step. The effect of this is to cause
the pressure on each side of the rotary to fluctuate more or
less badly, so that working at constant pressure on the
direct current sides becomes impossible. Once a rotary
has started hunting, unless the small oscillations are imme-
diately checked, they will invariably continue to increase
in amplitude until the armature swings over and loses
synchronism.

The running performance of synchronous (motor)
machinery depends so much upon the variations in the
velocity of the power-house engines during a revolution,
and upon the oscillations set up by the engine governors,
&c, that if these variations or oscillations exceed certain
well-defined limits it becomes impossible to operate the sub-
stations successfully. That this must be so becomes clear
when it is considered that every variation in the supply fre-
quency, (during an engine revolution), has to be taken up by
the substation machines against their own momentum, with
the result that if the armatures get accelerated or retarded
to any e\\tent from this cause, hunting is bound to occur, and
operation of the plant becomes impossible until the engines
are working properly. This is a case in which the hunting
of the converters is due to a well-defined cause outside the
machines themselves.

But although hunting may be sometimes caused in this
way, the speed variations in the engines are by no means a
necessary accompaniment to it, for it .may be started in a
variety of ways (of which engine pulsation is one), and then
increased by the action of the machines themselves. This
latter case—that of hunting on the part of the rotaries
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when the power-house engines are entirely suitable—is of
considerable interest.

A working explanation of what happens in this case is
as follows :—Let a slight oscillation be set up between the
machines, by any little thing that may occur with the most
perfectly designed plant it is possible to have, such as a
sudden large change in the load, a short circuit, or faulty
setting of the brushes on one machine, or an engine hunt-
ing in the power station (due to a small mishap, &c.)—this
slight oscillation is accompanied by a weakening and distor-
tion of the field flux of the converter. The mere fact of
there being an oscillation implies field distortion, for a fixed
point on the armature during the swing is either a little ahead
of, or a little behind, the true position (corresponding to
exact synchronism) it should have at this instant. This
means that the machine is acting either as a generator or
motor, taking either a leading or a lagging current from the
lines, and shifting the diminished field flux to one or other
of the pole horns. The armature will now try to follow this
change of field configuration, taking a large current in the
reverse direction in order to do so. But this change of
current immediately distorts the field flux in the opposite
direction to a much larger extent, and the armature again
tries to swing to the new position. Thus each oscillation of
the armature gets larger and larger, and the field distortion
is greater and greater, until finally the flux from the poles
gets swept nearly entirely away from the pole faces to the
pole horns and gaps between them, the machine eventually
swinging out of synchronism. During these oscillations
the converter is acting alternately as generator or motor,
giving up to, or receiving power from, the other converters
in parallel with it, giving them in this way alternately a push
and a pull at the wrong times, causing them to start hunting
also. The combined effect of the various machines in
parallel is to increase the hunting originally set up, and
if other substations are in parallel, the oscillations may also
be taken up by the machines in these, the combined effect
perhaps even reacting on the generators in the power-station,
causing them to start oscillating also. It is thus obviously
necessary to provide means of checking the oscillations while
they are still small, otherwise they will get out of control
and spread over the whole system.
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The sparking and flashing over which frequently takes
place at the commutators of rotary converters when hunting
is directly due to the pulsation of energy, and to the field
distortion and fluctuation, for good commutation under
these conditions naturally becomes impossible. The dis-
tortion of the field is really the root of the whole matter,
and if this is prevented, or reduced to a minimum, hunting
cannot occur.

That the whole magnetic system of a rotary converter
that is hunting is in a very disturbed state is made readily
apparent during working. For instance, a spanner held in
the hand between two field poles is strongly attracted with
variable force. As a matter of fact, even when the machines
are working properly there is a certain amount of field pulsa-
tion, it being sometimes easily possible to estimate the speed
of the power-house engines from the small, quick movement
of the pointer of the field amperemeter.

There are certain conditions of working which tend to
cause hunting, or which make hunting worse should it be
set up. An example of the former is difference in the form
of the E.M.F. waves of generators and rotaries, which is in
itself sufficient in some cases to start hunting, but such
differences are, as a rule, not sufficient to give rise to serious
trouble. On the other hand, machines with strong arma-
ture reaction, or working much under excited, are more
liable to hunt than those with strong fields, because the
magnetic flux is more readily distorted. For this latter
reason it follows that over-excitation of the rotaries is a
condition favourable to good operation. Again, the
momentum of the converters should be kept as low as
possible, for this apparently indirectly assists hunting, and
in any case impairs the action of any device that may be
used for damping the oscillations in their early stages.
Some engineers state that hunting on the part of the sub-
station plant is increased by the impedance of the lines, but
the author has not as yet found this, and considers that a
moderate amount of self-induction in the lines is directly
beneficial. Capacity in the feeders, on the other hand, does
appear to have some influence. In practice, however, it is
generally difficult to separate the causes that assist hunting
from one another. The main cause will generally be found
to lie with the engines, and when this is removed, or when

VOL. xxx. 48
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the effects of field distortion set up by it are neutralised, the
troubles generally disappear.

Synchronous motor generators are far less likely to hunt
(with a given generating plant and transmission system)
than rotary converters. This is because there is consider-
able armature reaction in the synchronous motors, which
tends to damp the pulsations in the armature current should
hunting be set up, and also because the field system is fed
at a steady pressure, which is totally independent of the
pressure at the ends of the feeders. But with unsuitable
engines synchronous motors will hunt badly, the pressure
on the direct current side being practically unaffected
thereby, which is a point to be noted. The characteristic
pulsations in the feeder pressure will, of course, occur to
just the same extent as with rotary converters.

From what has been said above, it will be seen that to
ensure the perfectly satisfactory operation of synchronous
substation machinery, two points must be attended to. The
first is to take great care with the selection and operation of
the generating and substation plant, particularly the former,
so that the tendency to set up hunting will be as small as
possible ; and the second is to provide means for getting
rid of the hunting—that is, damp the armature oscillations
in their earlier stages—should it be set up.

Some considerations relating to the design of the genera-
ting plant will be given later, while regarding the means for
damping the oscillations a few remarks may be made here.
As these oscillations are actual speed variations, it is evident
that it might be possible to reduce them considerably by
mechanical means, but the cost of devices for this purpose
would be out of the question, to say nothing of other objec-
tionable features. On the other hand, the oscillations are
accompanied by, and intimately connected with, the field
distortion as described above, and consequently if this distor-
tion could be done away with, hunting would be prevented.
Happily, very simple and effective means are available for
suppressing the distortion of the field flux. All that has to
be done is to fit the synchronous motors or rotary con-
verters with " damping coils." This device, which is one
of the many excellent ideas in polyphase working which
have reached this country from the Continent vid the States,
is of the greatest value in such cases, and rarely fails to stop
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the worst cases of hunting. All that has to be done is to
bridge the poles of the synchronous motors or rotaries from

FIG. 7.—Combined Damping Coil and Field Coil Support for 725 B.H.P.
E. and H. Synchronous Motor. Speed, 212 Revs, per Min.; Frequency
60 Cycles ; Peripheral Speed, 5,500 ft. per Min.

horn to horn by copper plates or strips. These will have
the effect of wiping out the distortion of the main magnetic
flux, and therefore damping the armature oscillations, by
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reason of the eddy currents produced in them by the flux
due to the large, leading and lagging armature currents—
that is to say, as soon as the armature of the rotary or syn-
chronous motor starts swinging, accompanied by the field
distortion described above, the opposing flux produced by
the eddy currents in the copper strips blows it away from
between the pole-horns, and the oscillations are thus damped
out magnetically directly they commence to form. It will
be observed that the damping coils produce their effect just
where it is wanted, namely, between the pole-horns. It is
relatively of little use to put damping coils round the pole
pieces ; the metal is wanted at the horns of each pole, and
between the horns of adjacent poles.

The dimensions of the copper strips connecting the poles
of the motor or rotary can be varied within wide limits with-
out making much difference to the damping action. The
losses in them with actual rotary converters are found to
vary from 0*5 to 1*5 per cent, of the output of the machine,
depending upon circumstances. An idea of the actual
dimensions of damping coils used in practice is given by
Fig. 7, which illustrates the gun-metal damping coils, com-
bined with the outside cheeks of the field bobbins, for the
synchronous motor of the 500-kilowatt two-phase motor
generator shown in Plates 3 and 4. The damping strips
bridging the pole-horns of the rotating magnet wheel are
cut away centrally, partly because the centre portion is not
very effective, but principally in order to prevent the ventila-
tion of the magnet wheel and armature being impaired.

As rotary converters will hunt upon slight provocation,
such machines should always be fitted with damping coils,
whatever the nature of the engines. They need only be used
with synchronous motor generators when the power station
engines are badly designed, unless lighting is done from the
same feeders. In this case it will generally pay to use them.
With water-power plants they are generally unnecessary for
either class of plant. On the other hand, if the engines are
very bad they should be used on the generator field poles as
well, where they will have a precisely similar effect (for the
case is similar), and will reduce the synchronising current
between the generators practically to zero.

One result of hunting in the substations is that the
current in the high-pressure feeders pulsates. As a matter
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of fact, in accordance with what has already been said above,
these pulsations occur to a certain extent even when hunt-
ing is absent, for they are due to the inherent properties of
the machines. This pulsation of current in the feeders,
accompanied as it is by corresponding pulsations in the
pressure, become highly inconvenient if lighting has to be
done directly from the feeders in question. The case might
arise, for instance, with a transmission and distribution by
three-phase currents for lighting and power, combined with
a direct current distribution from substations for the tram-

, ways. The remedy, first put actually into practice by Mr.
Kolben in connection with the electricity supply for the
town of Prague, is to insert choking coils in the high-pres-
sure substation feeders, these being of the three-phase type
with common core for three-phase working. The output of
the choking coil in circuit with each feeder should be about
3 per cent, of the maximum power absorbed by the syn-
chronous machinery connected to it. Thus in Prague, for
instance, in one case a 900-kilowatt substation (with 450
kilowatts in reserve) is connected by a three-core cable to
the power house three and a quarter .miles away, a three-
phase choking coil of 25 kilowatts, having an air gap
adjustable (by packing pieces) to about 0*375 inch, being
in series with it. The principal dimensions of this coil are
given in Fig. 8. The fluctuation in the pressure at the sub-
station end of the feeder when working under the worst
conditions (no load) is about 3 per cent, with the coils cut
out, and nothing that can be detected when they are in
circuit. When the coils are in use, the synchronising
current between the two synchronous motors of 650 B.H.P.
is 8 to 10 amperes with an input of 60 amperes, and 5 to
10 amperes at full load (100 amperes), but when they are
cut out the motor synchronising currents are more than
double.

At another substation two and a quarter miles from the
power station, having a smaller equipment, namely, two
180-kilowatt synchronous motor generators (one as reserve),
there is no synchronising current at all between the 260 H.P.
motors as long as the choking coils are in circuit. The
current in this feeder when the sets are well loaded is as
steady as it would be if asynchronous motors were in use.

The use of choking coils in the substation feeders has
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proved to be of the greatest value in Prague, because all the
lighting and motor work is done from the same three-phase
mains, the direct current substations serving only for the
tramways. The pressure variation at the 900-kilowatt sub-
station, that.is, on the terminals of the 650 B.H.P. motors,
only varies between 2,900 and 2,980 volts, and does not
change with the load, because the synchronising currents
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FIG. 8.—Three-Phase Choking-Coil. 25 Kilowatts ; 50 Cycles.

of the motors do not alter appreciably with the load; the
excitations of the motors are hardly altered, being 62 amperes
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at no load, and 65-70 amperes at full load, the latter figure
being attained when heavy momentary overloads are ex-
pected, such as at holiday times, when extra car services are
run, &c.

The town of Prague (250,000 inhabitants) has one of the best com-
bined services in Europe. The whole of the very extended lighting,
power, and tramway service is carried out from a single power-station
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FIG. 8 (continued).—Three-Phase Choking-Coil. End Elevation.

of 15,000 H.P. ultimate capacity, 5,000 H.P. being now at work. There
are about 26,000 8-c.p. lamps at present connected directly to the three-
phase mains, as well as 400 kilowatts of public lighting and many
induction motors, including several of 100 B.H.P. ; about one hundred
and sixty American-type cars are supplied from the substations at 550
volts, the average output for traction being about 1,300 kilowatts at the
present time. Every consumer having more than sixteen 8-c.p. lamps
connected up has the three conductors taken to his premises; three-
phase transformers in street boxes are used in all cases. The declared
pressure is 120 volts at 48 cycles, and the minimum and maximum
pressures any consumer gets at any time of the day are n8-5 volts and
123 volts respectively.

The electric lighting, power, and traction services in Prague form
a combined municipal undertaking of assured financial success, although
but recently set to work. The transmission and distribution is carried
out with three-phase currents throughout, with perfect success, balancing
troubles (so much feared in this country by those unacquainted with the
practical working of three-phase systems) being entirely unknown.

Great care has been taken by Mr. Kolben with regard to
the design of the power-station engines at Prague, as the
successful operation of such a combined system depends
first of all upon their good qualities. With regard to
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governing, they are practically faultless, while the speed
variation in one revolution (that is to say, the total variation,
above and below the mean speed)-does not exceed i in 250;
the engines are of the triple expansion horizontal two-crank
type, rated at 1,000 B.H.P. at 90 revolutions per minute,
the flywheel effect1 being 12,700 foot2-tons, in order to
attain this.

The use of choking coils in the substation feeders
may perhaps be thought objectionable, on account of the
increased losses and pressure drop brought about by their
use, but a little reflection will make it evident that this dis-
advantage is but trifling, and far more than counterbalanced
by the advantage of doing away with all pulsations in the
pressure. The full-load loss in a large choking coil is not
more than about 3 per cent., and the inductive drop under
usual working conditions, say 4 per cent. With the above-
mentioned 25-kilowatt choking coils, the full-load loss is
only 800 watts, and the pressure drop 60 volts (assuming
the motors to be working at minimum excitation), and
consequently their influence in impairing the efficiency or
regulation of the system is insignificant. Naturally, it is
far better to place the required reactance outside the
generators than to design the latter with large reaction and
consequent drop.

From what has been said above, it will-be readily seen
that if rotary converter or synchronous motor generator
substations have to be supplied from a steam-driven power
station, very great care must be taken to prevent oscillations
in the relative motions of the generators running in parallel,
with the consequent interchange of synchronising currents.
These oscillations can be started by the natural variations
in the turning moment during the revolution, or by the
after-effects of a bad parallel, or short circuit, &c, and
are assisted by field distortion, by insufficient armature
irrjpedance, by quick - acting governors, by very heavy
magnet wheels, and of course by faulty design, such as
short connecting rods, defective steam distribution, want of
balance, &c. Given well-designed engines, it will generally

1 By'"flywheel effect" is to be understood the very convenient Conti-
nental definition (not the kinetic energy of the rotating magnet wheel),
namely, W x D2, where W = the weight of the wheel in tons, and
D = mean diameter of the flying masses in feet.
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be found that the trouble, when it is present, is due entirely
to the governors assisted by the momentum of the magnet
wheels and by the attempts of the generators themselves to
attain their proper phase relations; the cure for it consists
in adjusting the governors in such a manner that they are
absolutely unresponsive to very quick variations in the
speed.

The reason is probably as follows. If the governors are
extremely sensitive, they will endeavour to compensate for
the unavoidable momentary speed variations due, for
instance, to the. steam impulses; as the speed increases
during the impulses the cut-off will be earlier, while as the
speed falls between the impulses the cut-off will be later.
But the governor will overdo this, as is well known : it
admits, for instance, more steam than is wanted to bring up
the speed, causing the engine to accelerate, and vice versd.
—and in this matter it is helped by the momentum of the
magnet wheels. What appears to happen is that a small
relative oscillation of the revolving magnet wheels is started
from unavoidable causes—that is, it is brought about by
variations in the turning moment—which would, under
ordinary circumstances, be completely taken care of by the
momentum of the magnet wheels. Owing, however, to the
sensitive governors of the engines in parallel, the oscillation
is not only kept going, but is actually increased by the lag
of the governors in conjunction with the action of the
periodic puffs of steam admitted to the engine cylinders by
them. Of course these oscillations of the moving parts
of the generators cause phase displacements" between the
respective E.M.F. waves, which may be sufficiently large to
cause the machines to become unstable. In any case, large
synchronising currents will pass between the machines, and
the oscillations reappear in the substations, starting hunting
of the motors or rotaries, as above described.-

It is found in practice that the amount of the relative
motions of the generators can be reduced to practically
nothing if the governors can be prevented from responding
to slight quick changes in the speed, and this, of course,
is a matter of suitable governor dash-pots. Each engine
governor should be fitted with a dash-pot of such a nature
that no alteration will be made in the engine cut-off, unless
the force acting on the governor is continued. Obviously
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the worst dash-pot to use is an air dash-pot; and the
best a modified form of grease dash-pot; on the other
hand, if very thick grease is used, in order to prevent the
governor taking notice of short, sudden speed variations,
the governor may be rendered so very sluggish that it
becomes insensitive to speed variations of a permanent
nature, causing objectionable variations in the frequency.
It would certainly appear that something more than an
ordinary dash-pot is required, and that these necessary
fittings for the governors of large slow-speed engines might
be profitably designed in accordance with the requirements
for perfect parallel running of the generators. It is a 'point
that does not appear to be as well recognised as it should be.

The fitting of special dash-pots to the engine governors
reduces the swings of the generator magnet wheels to zero,
or practically so, by preventing the admission of steam by
the expansion valves during the periods of swing. It might
happen, however, that the remedy in a particular case could
not be applied for special reasons, and in this case the only
remaining way of decreasing the amplitude of the .oscilla-
tions would be to use damping-coils between the field-poles
of the generators. The oscillations causing the phase
differences between - the E.M.F. waves of the various
machines are accompanied by field distortion, just as
described in connection with the substation machinery,
and consequently they can be damped out in their early
stages by the same means. On very large slow-speed
generating sets it is quite certain that it will pay to use such
damping coils on the generators ; they should be applied as
shown in Fig. 6 or in a similar way.

On account of the bending of the shafts, it is of im-
portance with machines of >very large size to arrange the
generators in such a manner that they are unaffected
thereby. Experience with such machines shows that no
matter what size the shaft is made, the arrangement of the
generators outside the engines is not so good from the
point of view of parallel running as that of putting the
generators between the cranks, arranging the cylinders (if
necessary) tandem fashion in order to allow of this being
done. With a given cyclic irregularity," the two cranks
should preferably be set at an angle of 180 degrees to
one another.
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With regard to the governing of the engines driving
the power-station generators, in order to be able to dis-
tribute the load properly, this should not be too close. It
is in general quite sufficient if the speed does not rise
more than 2 per cent when the load is decreased suddenly
from full-load to half-load, or from half-load to no-load,
and vice-versd. Of course, this change of speed must not
be accompanied by the slightest hunting or irregularity,
and the governors must control the engines perfectly
when the latter are running at no-load with stop-valves
full open.

The question of the permissible speed variation in one
revolution or "cyclic irregularity" is an important one,
for to a certain extent it determines the amount of metal
that must be put in the rim of the generator magnet
wheels. The whole question turns upon the frequency
employed—at a given speed a far better engine is required
for high-frequency generators than for those of low-fre-
quency, as is well known now. With a given type and
speed of engine, the lower the frequency the better the
parallel running, because a low frequency implies a smaller
number of field-poles, and consequently the speed variation
in the revolution causes a smaller phase displacement
between the E.M.F. waves of the different machines in
parallel, meaning smaller synchronising currents and greater-
stability of running.

The amount of " cyclic irregularity " permissible depends,
then, upon the permissible phase displacement, and this
depends, to a certain extent, upon the nature of the work.
Thus for feeding rotary converters, which may be con-
sidered as being the most unfavourable case in practice,
the phase displacement at any load should not exceed
2 degrees ; that is to say, a point on the rotating magnet
wheel may not differ more than | from the position it would
have if the rotation was perfectly uniform, "p" being the
number of pole pairs. Thus consider the case of a standard
power generator of 2,000 kilowatts at 25 cycles and 83
revolutions per minute ; the number of pole pairs (p) would
be 18 ; the permissible " cyclic irregularity " must not exceed
1/9—that is to say, a point on the rotating magnet wheel of
the generator must not be more than o*n of a degree in
advance of, or behind, the point corresponding to absolute
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uniformity at the same speed. Thus the total " cyclic
irregularity" or angular variation in this case would be 0*22
degrees ; had the frequency been 50 [it would have been
O*II degrees for the same phase displacement of the E.M.F.
waves, necessitating a much greater flywheel effect in this
case.

Of course if the generators have a larger armature
reaction than is usual, the permissible phase displacement
can be greater for the same synchronising current. It must
always be borne in mind that with generators running in
parallel one may be ahead and another behind by the
amount of the maximum " cyclic irregularity," so that 'the
amount by which the two E.M.F. waves are out of phase
depends upon twice this—that is, it depends upon the total
amount of variation in this case; the synchronising current
will be proportional naturally to the sine of this total angle
of phase displacement—in the case taken above, to sine
4 degrees.

In accordance with what has been said before, the
variation in angular velocity"during a revolution should be
kept within the permissible limits with the minimum weight
of magnet wheel; that is to say, the desired result should be
attained rather by careful design of the engines than by very
large flywheel effects. If this point be attended to, if the
governor dash-pots are suitably designed, and if the pressure
regulation of the generators is not too close, there will be
no trouble from hunting either in the power station or in
the distant substations.

These remarks regarding the governing, speed variation,
&c, of engines for power work can be concluded with the
illustrations given in Fig. 9. The " tachograms " a, b, and
c, are as nearly as possible exact reproductions of the
records obtained by means of a Horn tachograph from one
of the 1000-H.P. engines referred to on .page 742. The
variations in the angular velocity during the revolution
are quite clear—the three records represent three different
adjustments of the engine governor after the engine and
generator had been erected. It will be seen that after the
governor had been properly adjusted, the total variation (up
and down) in the speed does not exceed 0*3 of 1 per
cent., or the " cyclic irregularity " of the engine does not
exceed 0*15 of 1 per cent, up or down. The Horn
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tachograph does not appear to be so well known in this
country, as it should be. It is an extremely useful instru-
ment, whose indications represent with sufficient accuracy
what the engine is doing during the revolution. This is
exactly what the electrical engineer wants to know
in connection with the commercial problems of parallel
running.

III.—RELATIVE COMPARISON OF THE DIFFERENT TYPES
OF SUBSTATION CONVERTERS.

From what has already been said about the three classes
of substation equipment, a good general idea can be formed
of their relative advantages and disadvantages. From the
point of view of simplicity and ease of operation asyn-.
chronous converters are far ahead of .the two types of
synchronous machines. But this advantage is gained at the
expense of plant efficiency, and consequently, simply on
account of the lagging currents incidental to their use, this
type of converter is unsuitable for work of any magnitude.
It will continue to find its chief use in connection with
schemes for the conversion of power for lighting and tram-
ways, where the total amount of power to be transmitted
and distributed is relatively small, and where the substation
converters do not exceed 150 kilowatts in size.

Synchronous motor generators, on the other hand, are
ideal machines for the work in many respects. High power-
factors over the whole of the system are assured; there are
no complications in working, and no parallel-running
troubles need be feared, provided a fair amount of care has
been taken with the design of the plant in the first instance.
Moreover, these machines possess (in common with the
asynchronous converters) two very great advantages, the
first being that they can be operated equally well from
circuits of any reasonable frequency, there being no
difference in the performance of the motors for frequencies
between 25 and 60 cycles. The second great advantage is
that the regulation of the direct-current pressure can be
performed in well-known ways with the greatest ease, and
not only this, but the direct-current pressure is independent
of the pressure fluctuations at the ends of the long, high-
pressure feeders.
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Both asynchronous and synchronous motor generators
are efficient types, the efficiency of the asynchronous motor
being generally about i per cent, less than the syn-
chronous machine, while the efficiency of the latter will be
about the same as that of the direct-current generator of
equal size driven by it. Both classes of machine require
simple switch gear, and very little of it, the advantage
being with the asynchronous machine, on account of the
simple starting arrangements.

Rotary converters are on -the same footing with regard
to starting and power-factor as synchronous motor generators,
and have two great advantages over either form of motor
generator—they are 4 to 5 per cent, more efficient at
all loads, and possess a greater overload capacity. They
are, on the other hand, extremely sensitive with regard
to parallel running ; with regard to fluctuations in the
feeder pressure, moreover, their manner of operation is by
no means simple, and the arrangements for regulating and
running are in general somewhat complicated ; this is on
account of the special regulating arrangements and extra
switch gear required for the step-down transformers and
auxiliary devices.

With regard to the important points of floor space
required, and first cost, there is very little to choose between
the different types of machines. Comparing the machines
alone, there is of course a considerable advantage in favour
of the rotary converter, but the additions to the latter
equipment in the shape of transformers, air-blast outfits
(when used), special regulators, and extra switch gear, bring
up the cost of a rotary converter equipment to very nearly
the same figure as that for the synchronous motor generator
equipment; the asynchronous converter equipment is some-
what dearer than the latter as a rule.

The table given on the following page serves to illustrate
the above-mentioned points in a practical way. Examples
given are taken from practice, and the machines (built in the
same works) are compared upon exactly the same basis with
regard to conditions of operation, such as speed, frequency,
voltage, &c. The case selected to illustrate what has been
said is an actual combined lighting and power scheme,
current for lighting purposes being taken from the high-
pressure feeders en route to the substations, as well as from
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the latter—hence the frequency. The case is somewhat
unfavourable to the motor generators, as these machines
were arranged with a generator at each end of the motor
shaft, having half its output; consequently the floor space
required is greater, and the cost more, than would have been
the case had each motor driven a single generator of equal
output.

It will be seen that with the larger machines the only sub-
stantial advantages of the rotary converter compared with the
synchronous motor generator are those of greater efficiency
and overload capacity. These are, of course, of very great
importance, but for many purposes the greatly superior
performance of the synchronous motor generator from the
points of view of simplicity, parallel running, and pressure
regulation must be carefully balanced against them.

Before concluding a word or two must be said with
regard to the performance of rotary converters of large size
at different frequencies. It is not too much to say that the
limit of successful operation of these machines is reached at
40 cycles ; above this frequency there is no doubt whatever
in the author's mind that in all cases the best type of
converter to employ in the substations is the synchronous
motor generator, whatever the nature of the work. Above
the frequency of 40 cycles there are two great difficulties in
the way of successful working—good parallel running of the
rotaries becomes extremely difficult, the machines hunting
at the slightest provocation, and the question of commutation
becomes a very difficult one to solve in a satisfactory manner.
As already pointed out in connection with the generators,
the lower the frequency the better the parallel running, for
with a given angular displacement the phase difference
between the E.M.F. waves of the various machines is
smaller. The same argument applies equally to the case of
the rotary converter, for in order to put the high-frequency
machine on the same basis as the low-frequency machine in
this respect, it would be necessary to have the same number
of poles in each machine, meaning that a machine operating
at 50 cycles would have to run at double the speed of a
machine of the same output operated at 25 cycles. This is
of course impossible, on account of mechanical considera-
tions, the principle difficulty being the commutator. If on
the one hand the peripheral speed of the commutator
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COMPARISON O F SUBSTATION MACHINERY.

Transmission : 3-phase at 5,500 volts between lines and 40 cycles.
Distribution : 3-wire at 510 volts between outers, neutral conductor

earthed.

Type of Equipment.

Output of substation)
converter J

Speed of converter...

Number of field-poles \
(generator) ...)

Peripheral speed oi\
commutator ... J

Number of comrau-j
tator bars ... ... J

Temperature rise,]
any part after 241
hours at full load... J

Rise of pressure
when full load
switched off, sub- -
station bus-bar
pressure constant

(Full load
Efficiency -\

I Half „

Overload capacity for)
one h o u r w i t h [•
fixed brushes ...J

[ Full load
Power-factor]

(Half „

Starting current from j
A.C. side in terms !•
of full load current J

Full load drop of)
speed J

Relative cost per kilo-)
watt, including^
regulating gear ... j

Floor space required)
per kilowatt (square \
feet) j

Asynchronous
Motor generator.

150 kw.

480

6

1760

162

35°C

15%

83-5%

75-5%

25%

90%

87%

80%
(Rotor re-
sistance.)

3-5%

20

o-8

500 kw.

300

1 0

1880

270

35°C

1 2 %

86%

80%

25%

91%

88%

5o%-
(Rotor re-
sistance.)

3%

156

o-5

Synchronous
Motor generator.

150 kw.

480

6

1760

162

35°C

14-5%

84%

76%

25%

100-95%
(leading)

100%
(Starting
motor.)

None

19-1 •

• 075

500 kw.

300

10

1880

270

35°C

n'5%

87%

79%

25%

100-96%
(leading)

100%
(Starting
motor.)

None

132

o-5

Rotary Converters
and Step-

down Transformers.

150 kw.

480

10

2970

400

35°C

9'5%

90%

85%

50%

100-95%
(leading)

80%
(Starting
motor.)

None

12-4
(Including

middle
wire

booster.)
0'55

500 kw.

300

16

3100

560

35°C

8%

92%

87-5%

75%

100-96%
(leading)

60%
(Starting
motor.)

None

130
(Including

middle
wire

booster.)
0'45

VOL. XXX. 49
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is too great, the use of carbon brushes is rendered very
difficult, and also the segments may buckle, while on the
other hand, as the number of segments required is practically
fixed (by the permissible voltage per bar), these would
become too thin if the diameter of the commutator is less
than a certain amount. The higher the direct-current
pressure, the greater the difficulties in this respect. The
nett result is that with high frequency the number of field
poles on the rotary has to be increased, the diameter of the
armature has to be increased (which means increased
momentum), and also the armature reaction of the machine
has to be made larger, in order to get a proper division of
the current in the various branches of the armature. All

. these features, common more or less to the high-frequency
rotary, namely, crowded poles, high peripheral speeds, high
armature reaction, thin commutator segments, high voltage
per bar, short distance between brush holders, &c, are
wholly unfavourable to successful parallel running and good
commutation, to say nothing of the increased wear and tear
due to abnormally high speed. It is for this reason that a
frequency of 25 cycles has been standardised for rotary
converter work, and at this frequency the machines are
undoubtedly satisfactory. Between 30 and 40 cycles their
performance is still good under favourable conditions (that
is, proportionately better engines, high speeds and low
voltages), while above 40 cycles the use of the rotary con-
verter, in units of large size, would appear to be practically
out of the question.

. Low frequency of operation, such as 25 cycles, while
satisfactory, if the whole output of the power-station is to
be absorbed by the converter substations, is undesirable
if other work has to be done in addition. Generators,
motors, and transformers become unduly heavy and
expensive, and lighting work from the alternating current
mains is out of the question. But, on the other hand,
all parallel running is better, and all inductive effects in
generator, line, transformers, and motors, diminish with low
frequency, resulting in improved regulation over the whole
system. Taking all these things into account, modern prac-
tice has shown, that a frequency of 40-50 cycles is the best
that can be employed for the work in question ; a departure
from this in order to suit the requirements of the rotary
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converters in the substations constitutes in itself a dis-
advantage which is not present when motor generators are
used for the same work.

CONCLUDING REMARKS.

Given that it is required' to convert polyphase current
into direct current by means of converting, substations, it
is possible, based upon the considerations noted in the
paper, to draw the following general conclusions :—

1. For power work, and for those cases where the
amount of lighting to be done is relatively small, rotary
converter substations operated at 20-30 cycles are pre-
ferable.

2. For lighting work, the use of motor generators,
operated at 40-50 cycles in the substations, will give the
best results. This is also the case when the lighting load on
the substation forms a considerable proportion of the total
output of the latter.

3. Of the two classes of motor generator substation that
equipped with asynchronous machinery is on the whole
unsuitable for work of any magnitude.

The above conclusions may perhaps form a basis for
discussion, but they must not be considered as being
perfectly definite, on account of the widely different con-
ditions that are met with in modern practice. Finally, the
author would like to suggest in this connection that the
discussion might profitably include the broad question of
the transformation and distribution of large amounts of
polyphase current for supply over large areas, for it is one
of the most important questions of modern electrical
engineering. Although in many cases direct-current sub-
stations are undoubtedly advisable, still in many cases the .
direct distribution of polyphase current from simple trans-
former substations will undoubtedly be the best solution,
not only from the technical, but also from the commercial
point of view.

\
Mr. M. B. F I E L D : I did • not come here to-night with the Mr-Field-

intention of speaking, and of course I had no idea that I should be
called upon to open the discussion. Unfortunately I have only seen
the paper for a few minutes, and owing to the fact that merely an
abstract has been read tp-night I have only a very small idea of its real


